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Small-scale turbulence and mixing are fundamental
in the early life stages of oceanic creatures. Mixing is
accomplished by molecular diffusion that ‘diffuses’
away gradients. Turbulence is the stirring process that
tends to increase gradients and increase the interfacial
area over which these gradients occur (Eckart 1948).
Turbulence also increases the contact rate between
predator and prey (Rothschild & Osborn 1988). Furthermore, turbulence induces behavioral responses in some
organisms. There is a rich body of literature concerning
the effects of turbulence on predator–prey interactions
and on survival of planktonic, early life stages.
Here, I briefly review some of what is known about
turbulence in the ocean, consider what needs to be
better delineated, and consider how to measure turbulence and planktonic response simultaneously.

due to molecular diffusion alone. Experience has shown
that a useful parameter for scaling the intensity of
small-scale turbulence is the dissipation rate, ε, which
is the rate at which kinetic energy is dissipated by
viscosity and converted to heat.

How do we observe turbulence in the ocean?
Hot films and shear probes

It is more appropriate to say the flow is turbulent
rather than the fluid itself is turbulent. A turbulent flow
has certain characteristics: the motion is random, it is
→
→
3-dimensional, it contains vorticity (i.e. ω = ∇ × u ≠ 0
→
→
where the vorticity, ω, is the curl of the velocity, u, and
is denoted as the vector cross product of the gradient
operator, ∇, with the velocity vector), and kinetic
energy is dissipated. The turbulent motion can transport heat, salt, and other properties. It tends to increase
the transport (observable at large scales) above that

An excellent review on the measurement of smallscale, turbulent, velocity fluctuations in the ocean is
given by Lueck et al. (2002). The modern era of smallscale turbulence measurements in the ocean began
with the pioneering work of Grant et al. (1962). They
used a towed body with a hot film anemometer to measure the turbulent velocity fluctuations to scales of millimeters. This sensor measures variations in the heat
transfer between a hot film and the adjacent boundary
layer. Variations in the flow modify the boundary layer
and lead to variations in the heat flux. The probe is
predominantly sensitive to fluctuations in axial velocity, i.e. in the direction of travel of the probe through
the water. This system was moved from the towed
body to the Pisces submersible (Gargett 1982), which is
very difficult to operate, but produces data with the
highest spatial resolution.
Vertical profiling of ocean turbulence is appealing
because freely falling profilers are decoupled from the
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motion of the surface vessel. As well, they are moving
across the horizontal layers in the ocean and should
give a picture of the distribution of turbulence versus
depth. Here, the velocity sensor of choice is the airfoil
probe, developed by Siddon & Ribner (1965) and
modified to work in the ocean by Osborn (1972). This
sensor responds to the water motions that are transverse to its relative motion through the water. It is
used on free-fall profilers, autonomous underwater
vehicles, submersibles, expendable profilers, and
gliders. Again, Lueck et al. (2002) have provided a
review of the systems.
Hot films and airfoil probes have one great advantage — their output can be differentiated electronically.
Since it is the spatial gradients of the velocity that are
used to calculate the dissipation rate, the variance of
the shear spectrum can be used to directly estimate the
dissipation rate. While the airfoil probe is much easier
to operate and more robust than the heated probes, it
has limited spatial resolution due to its finite size. For
many oceanic applications this effect can be removed
spectrally (Macoun & Lueck 2004), but when we want
to look in detail at the velocity variations with scales
smaller than a centimeter or so, spatial averaging by
the probe is a problem. Unfortunately, this is the size
regime in which many interesting predator–prey interactions take place.

Acoustic techniques
There are a variety of acoustic velocity sensors that
have been developed over the years (for a good introduction to the principles and the capabilities of smallscale measurements see Lhermitte [1981, 1983] and
Lhermitte & Lemmin [1993]). All rely on the Doppler
shift of the sound frequency as it is reflected by particles (and other sources of variations in the speed of
sound). These probes are very useful because they can
profile and can sample remotely, without intruding
into the flow. There is a trade off between spatial resolution (which requires high frequency) and range
(which decreases with increasing frequency). Since
these sensors measure velocity, and cannot measure
velocity gradients directly, the dissipation rate is
generally estimated from fitting the velocity spectra to,
so-called, ‘universal shapes’.

Particle image velocimetry and particle tracking
velocimetry
Particle image velocimetry (PIV) involves the illumination of a thin sheet of fluid with 2 flashes of a laser.
The displacement of groups of particles in the flow,

between the 2 exposures, is determined from the correlation of small subsets (e.g. 64 pixels by 64 pixels) of
the image with the entire imager (2000 pixels by 2000
pixels). The displacement and time interval are used to
infer the velocity of the fluid in the plane of the light
(Bertuccioli et al. 1999, Doron et al. 2001, Nimmo Smith
et al. 2002, 2005). The data consist of 2-dimensional
maps of the velocity vectors (projected onto the
plane of the light sheet), with each vector based on the
average of several particles.
Particle tracking velocimetry (PTV) differs from PIV
in that individual particles are tracked using continuous lighting and a continuously running video camera.
Examples from the system of Nimmo Smith can be
seen at www.coastalprocesses.org/. Like PIV this
system depends upon the particles following the
motion in order to infer the flow from the displacement
of the particles.

Larger scale estimates of ε
There are 3 approaches to estimating the dissipation rate of kinetic energy that do not rely on smallscale velocity measurements. Dillon (1982) shows that
the Thorpe scale, the root mean square displacement
needed to reorder a measured density profile to produce a density profile that appears statically stable, is
1兾
comparable to the Ozmidov scale Lz = (ε /N 3) 2,
where ε is the kinematic energy dissipation rate in m2
s– 3, and N is the Brunt –Vaisala frequency in radians
per second. This enables estimation of the dissipation
rate from well-resolved density profiles (or sometimes
temperature profiles). This approach involves no
measurement of velocity fluctuations, although it
does involve small-scale measurements of the scalar
field.
The second approach measures the turbulent eddies
that contain kinetic energy (Gargett 1999). The idea is
that almost all of the kinetic energy is at larger scales,
characterized by a spatial scale L, and that this energy
cascades to smaller scales where it is dissipated. The
dissipation rate is the kinetic energy (estimated as U 2,
where U is the speed associated with the turbulence at
the larger spatial scales) divided by the eddy time scale
(L/U ) and hence ε ≈ U 3/L. This approach requires
measurements of velocity fluctuations, but not on
dissipation scales.
Finally, there is a technique that involves measuring
one component of the temperature gradient and using
Batchelor’s (1959) theoretical spectrum to infer the dissipation from the shape of the temperature gradient
spectrum. This involves a measurement of the smallscale temperature fluctuations; here, the spatial resolution of the sensors is most problematic and often not
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documented. Furthermore, the most definitive paper
comparing predictions against measurements (Gargett
1985) strongly suggests the universal spectral shape is
not found consistently in the ocean. For the problem of
biological interactions, where we are really interested
in the details of the small-scale velocity fluctuations,
inferring averaged values (i.e. dissipation) from a
scalar quantity like temperature is probably inappropriate.
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with shears from inertial motions and internal waves.
Bulk averages of dissipation seem to increase rather
than decrease with stratification, ε ∝ N or N 2. The most
likely explanation is the increase in internal wave
energy with increasing stratification. Below the thermocline, a patchy distribution continues, with a general decrease in intensity with depth (and decreasing
stratification).

Universal spectral shape
What do we know about turbulence in the ocean?
During the last 50 yr there has been a dramatic augmentation of the literature on oceanic turbulence. A
recent compilation, in book form, by Thorpe (2005)
covers our present understanding of oceanic turbulence, over a wide range of spatial scales.

Vertical distribution
In the upper ocean (from the surface to the pycnocline) turbulence is forced by surface cooling, wind
stress, and energy from breaking waves. The turbulence is redistributed by convection, Langmuir circulation, and large-scale vortical motions. Below the level
of the wave troughs, the turbulence often scales with
the ‘law of the wall,’ ε = u*3/κz, where ε is the dissipation, u* is a velocity-scaling parameter derived by taking the square root of the ratio of the wind stress to the
water density, κ is the Von Karmen constant ~0.4, and
z is the depth below the water surface. There is a surface layer of enhanced dissipation between the crest
and troughs of the waves. The energy for this dissipation is derived from the surface waves (Agrawal et al.
1992). Cooling of the sea surface drives convection,
and dissipation can be calculated from buoyancy flux
(Shay & Gregg 1984).
There are large structures in the upper layer. Langmuir cells align (almost) with wind direction and redistribute the turbulence and bubbles vertically (Thorpe
et al. 2003a,b). There are also large-scale vortices
aligned perpendicular with wind direction that produce temperature ramps and redistribute turbulence
throughout the upper layer (Thorpe et al. 2003a). In
addition, recent measurements with a submersible in
Lake Geneva (Ozen et al. 2006) have revealed organized structures forcing turbulence up from the bottom
of the mixed layer/thermocline. The interactions between these 3 mechanisms are unknown.
The thermocline contains layers of turbulence with
vertical scales of meters and horizontal scales of hundreds of meters or more. These patches seem to have
time scales of many hours and are likely associated

The pioneering work by Grant et al. (1962) verified
the hypothesis of a universal shape for the turbulent
velocity spectrum in the case of high Reynolds number, isotropic, and homogeneous flow. The –5/3 spectral slope predicted from the work of Kolmogorov was
observed to separate the energy containing low wave
number portion of the spectrum from the high wave
number dissipation portion. Nasmyth (1970) provides
an improved measurement of the shape, and the
numerical values are found in Oakey (1982). Gargett
et al. (1984) report a slightly different shape. Their
measurements of all 3 velocity components show
isotropy throughout the dissipation range, with an
effect of stratification at lower wave numbers. When
affected by buoyancy, the low wave number portion
of the velocity spectrum follows a universal shape that
can be nondimensionalized with buoyancy parameters.
The peak of the dissipation spectrum is at k ≈ 0.2 ks,
1兾
where ks = (ε/ν3) 4 is the Kolmogorov wave number in
radians per meter and ν is the kinematic viscosity. The
exact numerical value depends on whether a lateral or
axial velocity component is being considered. The
wavelength corresponding to the peak of the dissipa1兾
tion spectrum is λ = 2π /ks ≈ 10πη, where η = (ν3/ε) 4 is
the Kolmogorov length scale. At separations associated
with this portion of the spectrum, the relative motion
between particles is a viscous-straining motion. The
Reynolds number at these scales is ≤1.
For biological interactions, a paper by Yamazaki &
Lueck (1990) has shown a lognormal distribution for
dissipation rates when averaged over scales substantially smaller than patch size, but larger than 3η. Particles with separation smaller than 3η are essentially in
the same strain field. Theirs is the only paper to my
knowledge that considers the details of shear at small
scales. The interesting point is that average dissipation, over distances from 0.5 m to several meters, does
not represent the instantaneous strain associated with
predator–prey interactions over the time scale of those
interactions. The time scale is related to the Kolmo1兾
gorov spatial scale, τ = 冸 –νε–冹 2, which is an estimate of the
lifetime of the eddies at that scale.
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PIV measurements of spectra
Recent measurements with PIV in the bottom boundary layer of the coastal ocean have given us results
completely different from those obtained via hot films
and airfoil probes. The data are time series, at a fixed
location, of 2-dimensional vector maps of flow, with
resolution almost to the Kolmogorov scale (Bertuccioli
et al. 1999, Doron et al. 2001, Nimmo Smith et al. 2002,
2005, L. Luznik et al. unpubl.).
The measurements have been done in the bottom
boundary layer of the coastal ocean, which is not the
same oceanographic environment usually sampled
with hot films and airfoil probes. There are several
results from the present work that have significant
impact on understanding turbulence in the coastal
ocean and the impact of turbulence on predator–prey
interactions. The measurements (L. Luznik et al.
unpubl.) reveal that turbulence (1) appears to be
anisotropic at all scales, (2) shows a Reynolds number
effect on spectra, (3) does not fit universal shape, and
(4) in some components, has more high wave number
energy than expected.

Some conclusions about turbulence at small scales
Measurements to date do not really provide the
information needed to thoroughly understand the role
of turbulence on predator–prey interactions because
(1) measurements of turbulent motions on scales of
centimeters and smaller are really quite limited and
(2) the temporal and spatial variability of the intensity
is not well known.
Since the spectrum is not always universal or
isotropic at dissipation scales, we cannot reliably
predict the small-scale distribution of shear based on
larger scale estimates of the dissipation rate.

Way forward
To truly understand the role of turbulence in early
life stages, we need to observe the interactions and
reactions that occur in conjunction with turbulent
motion. Perhaps this can be done in laboratory experiments with freely moving organisms and realistically
generated turbulence. However, while many laboratory results to date have been quantitative and performed with well-documented procedures, they represent environments never encountered by man or beast.
It is unclear whether these results can be applied to the
oceanic regime. Hence, observations must be made
in situ: in the ocean, under realistic conditions. The
requirement for such studies is that the organisms,

their motions and actions, as well as the water motion
be sampled simultaneously. The combination of holography and PIV offers the technology to accomplish
this task. By making repeated holographic images with
a digital camera, it is possible to track predators, prey,
and smaller particles that follow the motion of the
water.
Malkiel et al. (2003, 2005, 2006a,b), Pfitsch et al.
(2005), and Sheng et al. (2006) describe the development and use of such a system. Further details are
available at www.me.jhu.edu/~lefd/shc/shc.htm.
Holography has the advantage of resolving particles
over a wide range of sizes. The interference pattern
of the coherent light that makes the hologram spreads
out the information from particles that are smaller than
individual pixels in the digital camera so that they can
be registered and reconstructed in the later analysis.
Thus, the system can record dinoflagellates and copepods and resolve both.
LITERATURE CITED
Agrawal YC, Terray EA, Donelan MA, Huang PA, Williams
AJ III, Drennan WM, Kahma KK, Kitagorodski SA (1992)
Enhanced dissipation of kinetic energy beneath surface
waves. Nature 359:219–220
Batchelor GK (1959) Small-scale variation of convected quantities like temperature in turbulent fluid. Part I. General
discussion and the case of small conductivity. J Fluid Mech
5(1):113–133
Bertuccioli L, Roth GI, Katz J, Osborn TR (1999) Turbulence
measurements in the bottom boundary layer using particle
image velocimetry. J Atmos Oceanogr Technol 16(11):
1635–1646
Dillon TM (1982) Vertical overturns: a comparison of Thorpe
and Ozmidov length scales. J Geophys Res 87:9601–9613
Doron P, Bertuccioli L, Katz J, Osborn TR (2001) Turbulence
characteristics and dissipation estimates in the coastal
ocean bottom boundary layer from PIV data. J Phys
Oceanogr 31:2108–2134
Eckart C (1948) An analysis of the stirring and mixing processes in incompressible fluids. J Mar Res 58:265–275
Gargett AE (1982) Turbulence measurements from a submersible. Deep-Sea Res A 29:1141–1158
Gargett AE (1985) Scalar spectra in decaying stratified turbulence. J Fluid Mech 159:379–407
Gargett AE (1999) Velcro measurements of turbulent kinetic
energy dissipation rate ε. J Atmos Oceanogr Technol 16:
973–993
Gargett AE, Osborn TR, Nasmyth PW (1984) Local isotropy
and the decay of turbulence in a stratified fluid. J Fluid
Mech 144:231–280
Grant HL, Stewart RW, Moilliet A (1962) Turbulence spectra
from a tidal channel. J Fluid Mech 12:241–263
Lhermitte R (1981) Observations of water flow with high
resolution Doppler sonar. Geophys Res Lett 8(2):155–158
Lhermitte R (1983) Doppler sonar observation of tidal flow.
J Geophys Res C 88(1):725–742
Lhermitte R, Lemmin U (1993) Turbulent flow microstructures
observed by sonar. Geophys Res Lett 20(9):823–826
Lueck RG, Wolk F, Yamazaki H (2002) Oceanic velocity
microstructure measurements in the 20th century.

Osborn: Turbulence measurement and small-scale plankton studies

143

J Oceanogr 58:153–174
Macoun P, Lueck RG (2004) Modeling the spatial response
of the airfoil shear probe using different sized probes.
J Atmos Oceanogr Technol 21(2):284–297
Malkiel E, Sheng J, Katz J, Strickler JR (2003) The threedimensional flow field generated by a feeding calanoid
copepod measured using digital holography. J Exp Biol
206:3657–3666
Malkiel E, Sheng J, Katz J (2005) Measurements of 3-D flows
with a digital holographic microscope. Bull Am Phys Soc
50(9):121
Malkiel E, Abras JN, Widder E, Katz J (2006a) On the spatial
distribution and nearest neighbor distance between particles in the water column determined from in situ
holographic measurements. J Plankton Res 28:149–170.
Available at: http://plankt.oxfordjournals.org/cgi/reprint/
fbi107?ijkey=HgUwHjKuHuY72oN&keytype=ref
Malkiel E, Pfitsch DW, Katz J (2006b) In situ digital holographic cinematography of plankton in a coastal estuary.
Ocean Sci. Meet. Suppl., Abstract OS36H-02. EOS Trans
Am Geophys Union 87(36)
Nasmyth PW (1970) Oceanic turbulence. PhD thesis, University
of British Columbia, Vancouver
Nimmo Smith WAM, Atsavapranee P, Katz J, Osborn TR (2002)
PIV measurements in the bottom boundary layer of the
coastal ocean. Exp Fluids 33:962–971
Nimmo Smith WAM, Katz J, Osborn TR (2005) On the structure of turbulence in the bottom boundary layer of the
coastal ocean. J Phys Oceanogr 35:72–93
Oakey NS (1982) Determination of the rate of dissipation of
turbulent kinetic energy from simultaneous temperature

and velocity shear microstructure measurements. J Phys
Oceanogr 12:256–271
Osborn TR (1972) Vertical profiling of velocity microstructure.
J Phys Oceanogr 4:109–115
Ozen B, Thorpe SA, Lemmin U, Osborn TR (2006) Cold-water
events and dissipation in the mixed layer of a lake. J Phys
Oceanogr 36(10):1928–1939
Pfitsch DW, Malkiel E, Ronzhes Y, King SR, Sheng J, Katz J
(2005) Development of a free-drifting submersible digital
holographic imaging system. Oceans 1:690–696
Rothschild BJ, Osborn TR (1988) The effect of turbulence on
planktonic contact rates. J Plankton Res 10(3):465–474
Shay TJ, Gregg MC (1984) Turbulence in an oceanic convective layer. Nature 310:282–285 (Corrigendum 311:84)
Sheng J, Malkiel E, Katz J (2006) A digital holographic microscope for measuring three-dimensional particle distributions and motions. Appl Optics 45(16):3893–3901
Siddon TE, Ribner HS (1965) An aerofoil probe for measuring
the transverse component of turbulence. J Am Inst Aeronautics Astronautics 3:747–749
Thorpe SA (2005) The turbulent ocean. Cambridge University
Press, Cambridge
Thorpe SA, Osborn TR, Jackson JFE, Hall AJ, Lueck RG
(2003a) Measurements of turbulence in the upper ocean
mixing layer using AUTOSUB. J Phys Oceanogr 33(1):
122–145
Thorpe SA, Osborn TR, Farmer DM, Vagle S (2003b) Bubble
clouds and Langmuir circulation: observations and models.
J Phys Oceanogr 33(9):2013–2031
Yamazaki H, Lueck RG (1990) Why oceanic dissipation rates
are not lognormal. J Phys Oceanogr 20:1907–1918

Editorial responsibility: Alejandro Gallego (Contributing
Editor), Aberdeen, UK

Submitted: March 20, 2006; Accepted: March 18, 2007
Proofs received from author(s): August 28, 2007

